In simulation studies, the precision of fuel cell models has a vital role in the quality of results. Unfortunately, due to the shortage of manufacturer data given in the datasheets, several unknown parameters should be defined to establish the fuel cell model for further precise analysis. This research addresses a novel application of the atom search optimization (ASO) algorithm to generate these unknown parameters of the fuel cell model and in particular of the polymer exchange membrane (PEM) type. The objective of this study is to establish an accurate model of the PEM fuel cells, which will provide accurate results of modeling and simulation in a steady-state condition. Simulations and further demonstrations were performed under MATLAB/SIMULINK. The viability of the proposed models was appraised by comparing its simulation results with the experimental results of number of commercial PEM fuel cells. In the same context, the obtained numerical results by the proposed ASO-based method were compared to other challenging optimization methods-based results. Finally, parametric tests were made which indicated the robustness of the ASO results as well. It can be stated here that ASO performs well and has a good capability to extract the unknown parameters with lesser errors.
Introduction
Unlike conventional power sources, renewable energy sources as clean energy have received much attention worldwide due to many key reasons, such as the depletion of fossil fuels, price inflations, and other environmental issues. One of the fastest growing and promising renewable energy storage apparatuses is the fuel cell, which can convert fuel chemical energy into electric energy via chemical reactions [1] [2] [3] [4] . Today, many assortments of fuel cells are commercialized, such as the polymer exchange membrane (PEM) type for low-operating temperatures [3] , and solid-oxide fuel cells for high-operating temperatures [4, 5] . PEM fuel cell stays as an incomparable alternative of importance; specifically, in transportation applications, it plays a role in portable electronic implementations and distributed generators. Moreover, its discriminate properties, such as no dissipated generation, high power density, high efficiency, and low operating pressure and temperature, make PEM fuel cell unequaled [3] . The standard efficiency of PEM fuel cell varies between 30% and 60% dependent on loading condition, and the operating temperatures range from 30 • C to 100 • C [3] [4] [5] [6] .
Modeling is highly crucial for better comprehension, analysis, design, simulation, and advancement of high efficiency fuel cells. However, the lack of data, number of obscure parameters, and complication in modeling favor the utilization of optimization algorithms [3] . The majority of
Mathematical Modeling of PEM Fuel Cell
The model of a PEM fuel cell stack was intensively demonstrated in the literature. For a stack consisting of n cells series connected cells, the stack's terminal voltage V stack can be evaluated by the following equation [9, 25] :
By assuming that the H 2 flow rate is controllable with regard to the loading condition, it can be revealed that the utilization factor is constant and has a typical value of 95% [25] . E max is the maximum voltage that can be generated by the PEM fuel cell at a higher heating value of H 2 , which typically equals 1.48 V/cell [25] . It is of value to emphasize that the theoretical voltage with respect to the lower heating value is 1.23 V/cell (See (2) ). The aforementioned variables indicated in (1) 
V act = − ξ 1 + ξ 2 T fc + ξ 3 T fc ln C O 2 + ξ 4 T fc ln(I fc ) ,
5.08·10 6 ·e − 498
T fc ,
V Ω = I fc (R m 
The power of the PEM fuel cell stack (P stack ) is stated as defined in (10):
According to Equations (1) to (9), it is obvious that seven coefficients (ξ 1 , ξ 2 , ξ 3 , ξ 4 , Ψ, R C , and b) need to be identified. These parameters are not predetermined in the manufacturer's datasheet. ASO is utilized in optimizing the seven coefficients to own finest values inside their higher and lower limits. Optimization is performed to ensure a precise modeling of PEM fuel cell under study and simulation.
Formulating the Objective Function and Constraints
Minimizing the sum of the squared error (SSE) between the computed voltage (V com ) and measured voltage (V meas ) is the objective function (OF) for the modeling of PEM fuel cell, as revealed in (11) .
The OF is subjected to constraints that are determined by the lower and upper limits of (ξ 1 , ξ 2 , ξ 3 , ξ 4 , Ψ, R C , and b).
Minimizing the mean squared error (MSE) represents the OF in some previous studies. To compare the obtained numerical results by ASO with other challenging optimization methods-based results, MSE can be computed as depicted in (12) :
Atom Search Optimizer (ASO)
Atoms, basic building blocks of all materials, are moving continuously, and their motions are governed by the classical mechanics [30] . Assume that force of interaction is F i and force of constraint is G i , and they are applied together on the atom i inside an atom arrangement. Subsequently, the Energies 2019, 12, 1884 4 of 14 relationship between acceleration a i and mass m i of atom is derived by the second law of Newton's laws as shown in (13) [29, 30] :
At iteration t, the atom i is exposed to interaction force by the atom j in the dimension d and is written using the Lennard-Jones (L-J) potential as [29, 30] :
and: Figure 1 shows the interaction force of atoms against the spacing between atoms. The repulsion is positive, and the attraction is negative; therefore, atoms would not be converging to a certain location. Equation (15) cannot be utilized straightway in optimization, so it can be adapted as:
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The deepness function is used to set the attraction zone or the repulsion zone that is stated as [28] : The deepness function is used to set the attraction zone or the repulsion zone that is stated as [28] :
T . Figure 2 demonstrates F against η when h varies between 0.9 and 2. The attraction happens while h is varying from 1.12 to 2, the repulsion happens while h is varying between 0.9 and 1.12, and the equilibrium happens while h equals 1.12. Consequently, in ASO, to ameliorate the reconnaissance, repulsion has a lower limit while F has a lesser value at which h = 1.1, and attraction has an upper limit while F has a bigger value at which h = 1.24; thus, h is stated as:
σ(t) is stated as:
and: Figure 2 demonstrates F′ against η when h varies between 0.9 and 2. The attraction happens while h is varying from 1.12 to 2, the repulsion happens while h is varying between 0.9 and 1.12, and the equilibrium happens while h equals 1.12. Consequently, in ASO, to ameliorate the reconnaissance, repulsion has a lower limit while F′ has a lesser value at which h = 1.1, and attraction has an upper limit while F′ has a bigger value at which h = 1.24; thus, h is stated as: Consequently, u and g 0 are equal to 1.24 and 1.1, consecutively. g symbolizes the drift factor that may transport the procedure from the reconnaissance to the profiteering, which is stated as:
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Afterwards, total force applied on the atom i by other atoms is the summation of weighted components in the d-th dimension that is depicted in (23):
From the third law of Newton's laws:
Molecular dynamics put a geometric constraint that acts a serious task in the atom movement. In ASO, assume that the best atom owns a covalence bond with each atom; therefore, a constraint force is exerted on each atom by the best atom. Hence, the atom i constraint is modified as:
Therefore, the force of constraint is stated as [29, 30] :
By replacement of 2λ with λ:
The Lagrange multiplier is stated as:
Consequently, the atom i acceleration at iteration t a d i (t) is stated as:
. (29) If the population of atoms is N P , the mass of atom i (m i (t)) is computed using (30)- (31):
In case of minimization, Fit worst (t) and Fit best (t) are the maximum and the minimum fitness values of atoms at the iteration t, consecutively. Fit i (t) is the function fitness value of the atom i at the iteration t. Fit worst (t) and Fit best (t) are expressed in (32) and (33), respectively:
Fit best (t) = min i∈{1,2,....,N P } Fit i (t). For simplification, the velocity and the position of the atom i in the iteration t + 1 is signified as:
In the ASO algorithm, to ameliorate the reconnaissance in earlier iterations, every atom reacts with atoms owning as many better values of fitness as possible. To ameliorate the profiteering in later iterations, every atom reacts with atoms owning as few better values of fitness as possible. K piecemeal decreases as the iterations elapse, and it is computed using the formula stated in (36): For simplification, the velocity and the position of the atom i in the iteration t+1 is signified as:
x (t + 1) = x (t) + υ (t + 1).
In the ASO algorithm, to ameliorate the reconnaissance in earlier iterations, every atom reacts with atoms owning as many better values of fitness as possible. To ameliorate the profiteering in later iterations, every atom reacts with atoms owning as few better values of fitness as possible. K piecemeal decreases as the iterations elapse, and it is computed using the formula stated in (36): Figure 3 displays the forces in an atom arrangement. The atoms A1, A2, A3, and A4 have the best values of fitness, so they are considered as the K . Each atom in the arrangement repels or attracts each other. Each atom in the arrangement, excluding A1 (X ), owns a force of constraint via the best atom A1.
The computational procedure of the ASO algorithm is as follows:
Algorithm
Step 1: Randomly initialize a set of atoms X (solutions) and their velocity υ, and set Fit = ∞, t = 1, i = 1.
Step 2: Increment t = t + 1.
Step 3: Increment i = i + 1.
Step 4: Calculate the fitness value Fit .
Step 5: If Fit ˃Fit , set Fit = Fit and X = X . Step 6: Calculate the mass m (t) using Equations (30)-(31).
Step 7: Determine its K neighbors using Equation (36).
Step 8: Calculate the force of interaction Fi and the force of constraint is G using
Equations (23) and (27) , respectively.
Step 9: Update the velocity and the position using Equations (34) and (35), respectively.
Step 10: If i ≤ N go to Step 3.
Step 11: If t ≤ T, go to Step 2.
Step 12: Find the best solution so far, X . The computational procedure of the ASO algorithm is as follows:
Step 1: Randomly initialize a set of atoms X (solutions) and their velocity υ, and set Fit best = ∞, t = 1, i = 1.
Step 4: Calculate the fitness value Fit i .
Step 5: If Fit i > Fit best , set Fit best = Fit i and X best = X i .
Step 6: Calculate the mass m i (t) using Equations (30) and (31).
Step 8: Calculate the force of interaction F i and the force of constraint is G i using Equations (23) and (27) , respectively.
Step 10: If i ≤ N p go to Step 3.
Step 12: Find the best solution so far, X best .
Step 13: Stop. 
Demonstrated Results, Discussions and Validations
In this section, ASO is utilized to estimate the PEM fuel cell model parameters (ξ 1 , ξ 2 , ξ 3 , ξ 4 , Ψ, R C , b). In this study, two models of marketable PEM fuel cells are tested to legalize the proposed ASO-based methodology in a steady-state condition. The lower and upper limits of (ξ 1 , ξ 2 , ξ 3 , ξ 4 , Ψ, R C , b) exist in literature as follows [20, 25, 26] :
The parameters' bounds are the same in all test cases to ensure fair comparisons with other challenging optimization methods.
Both RH c and RH a are 1. Both P c and P a are 1 atm. The maximum iterations are 3000. ASO parameters (N P , α, β) are determined by means of trial and error as other challenging heuristic-based optimization methods as shown in Table 1 . The finest values of obscure parameters are yielded after executing ASO for some independent runs because of the high haphazardness of such algorithms. 
Test Case 1
In this case, a model of SR-12 500 W modular PEM fuel cell was tested to regularize the performance of ASO. The datasheet was taken from [17, 18, 21, 25, 26] as follows: n cells = 48, A = 62.5 cm 2 , l = 0.025 mm, J max = 0.672 A/cm 2 , T fc = 323 K, P H 2 = 1.47628 atm, P O 2 = 0.2095 atm. Twenty measurements in I-V characteristics of the fuel cell (M = 20) were utilized in optimization using ASO.
The finest estimated parameters of the PEM fuel cell model by ASO are displayed in Table 2 . The convergence tendency of the SSE diagram is illustrated in Figure 4 , which indicates that SSE obtained by ASO is 0.00203. MSE can be computed by (12) to result in (MSE = 0.0001015). These SSE and MSE are the smallest values compared to other challenging optimization methods, as shown in Table 3 . The convergence tendency of the SSE diagram is illustrated in Figure 4 , which indicates that SSE obtained by ASO is 0.00203. MSE can be computed by (12) to result in (MSE = 0.0001015). These SSE and MSE are the smallest values compared to other challenging optimization methods, as shown in Table 3 . The yielded finest results for I-V characteristics of SR-12 modular PEM fuel cell that were estimated by ASO accompanying the experimentation data are displayed in Figure 5a . Closeness between the experimental voltages and computed voltages by ASO-based methodology ensures precision of the yielded optimized values of the obscure seven parameters. The power of the SR-12 modular PEM fuel cell stack was computed using (10) and utilized to characterize the I-P relationship in Figure 5b accompanying the experimentation data. Closeness between the experimental powers and computed powers resulted due to closeness between corresponding voltages.
The I-V and I-P relationships of the SR-12 fuel cell stack needed to be characterized at different operating pressures and temperatures to illustrate ASO functioning at different conditions. In Figure 6 , P /P are 1.5/1 atm and 3.5/1.5 atm, consecutively, at a fixed temperature of 323 K. It can be noticed that increasing P /P results in increasing the output voltage and power of the fuel cell stack. The power of the SR-12 modular PEM fuel cell stack was computed using (10) and utilized to characterize the I-P relationship in Figure 5b accompanying the experimentation data. Closeness between the experimental powers and computed powers resulted due to closeness between corresponding voltages.
The I-V and I-P relationships of the SR-12 fuel cell stack needed to be characterized at different operating pressures and temperatures to illustrate ASO functioning at different conditions. In Figure 6 , P H 2 /P O 2 are 1.5/1 atm and 3.5/1.5 atm, consecutively, at a fixed temperature of 323 K. It can be noticed that increasing P H 2 /P O 2 results in increasing the output voltage and power of the fuel cell stack. The yielded finest results for I-V characteristics of SR-12 modular PEM fuel cell that were estimated by ASO accompanying the experimentation data are displayed in Figure 5a . Closeness between the experimental voltages and computed voltages by ASO-based methodology ensures precision of the yielded optimized values of the obscure seven parameters. The power of the SR-12 modular PEM fuel cell stack was computed using (10) and utilized to characterize the I-P relationship in Figure 5b accompanying the experimentation data. Closeness between the experimental powers and computed powers resulted due to closeness between corresponding voltages.
The I-V and I-P relationships of the SR-12 fuel cell stack needed to be characterized at different operating pressures and temperatures to illustrate ASO functioning at different conditions. In Figure 6 , P /P are 1.5/1 atm and 3.5/1.5 atm, consecutively, at a fixed temperature of 323 K. It can be noticed that increasing P /P results in increasing the output voltage and power of the fuel cell stack. Subsequently, the influence of temperature alterations is depicted in Figure 7 , where T fc is 313 K and 353 K, consecutively (under a fixed P H 2 /P O 2 of 1/1 atm). It is clear that increasing temperature causes augmentation of the output voltage and power of the fuel cell stack. Subsequently, the influence of temperature alterations is depicted in Figure 7 , where T is 313 K and 353 K, consecutively (under a fixed P /P of 1/1 atm). It is clear that increasing temperature causes augmentation of the output voltage and power of the fuel cell stack. 
Test Case 2
In this case, the model of the 250 W PEM fuel cell stack was tested to assure regularity of the performance of ASO. The datasheet was taken from [8, 19, 20, 22, 24, 27] Table 4 . The convergence leaning of SSE diagram is displayed in Figure 8 , which illustrates that the SSE received from ASO is 0.7346. This SSE is the lowest value compared to those of other challenging optimization methods, as shown in Table 5 .MSE can be computed by (12) , resulting in MSE=0.04897. 
In this case, the model of the 250 W PEM fuel cell stack was tested to assure regularity of the performance of ASO. The datasheet was taken from [8, 19, 20, 22, 24, 27] as follows: n cells = 24, A = 27 cm 2 , l = 0.178 mm, J max = 0.86 A/cm 2 , T fc = 338.15 K, P H 2 = 1 atm, and P O 2 = 1 atm. Fifteen measurements in I-V characteristics of the fuel cell (M = 15) were utilized in optimization using the ASO-based proposed method.
The finest estimated parameters of the PEM fuel cell model by ASO are presented in Table 4 . The convergence leaning of SSE diagram is displayed in Figure 8 , which illustrates that the SSE received from ASO is 0.7346. This SSE is the lowest value compared to those of other challenging optimization methods, as shown in Table 5 . MSE can be computed by (12) , resulting in MSE = 0.04897. Subsequently, the influence of temperature alterations is depicted in Figure 7 , where T is 313 K and 353 K, consecutively (under a fixed P /P of 1/1 atm). It is clear that increasing temperature causes augmentation of the output voltage and power of the fuel cell stack. 
In this case, the model of the 250 W PEM fuel cell stack was tested to assure regularity of the performance of ASO. The datasheet was taken from [8, 19, 20, 22, 24, 27] as follows: n = 24, A = 27cm , l = 0.178 mm , J = 0.86 A/cm , T = 338.15 K , P = 1 atm , and P = 1 atm .Fifteen measurements in I-V characteristics of the fuel cell (M = 15) were utilized in optimization using the ASO-based proposed method. The finest estimated parameters of the PEM fuel cell model by ASO are presented in Table 4 . The convergence leaning of SSE diagram is displayed in Figure 8 , which illustrates that the SSE received from ASO is 0.7346. This SSE is the lowest value compared to those of other challenging optimization methods, as shown in Table 5 .MSE can be computed by (12) , resulting in MSE=0.04897. The obtained finest results for the I-V characteristics of the 250 W PEM fuel cell stack that were estimated by ASO accompanying the experimentation data are displayed in Figure 9a . Closeness between the experimental voltages and computed voltages by ASO-based methodology ensures precision of the got optimized values of the obscure seven parameters.
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(a) I-V characteristics (b) I-P characteristics To verify ASO functioning at different conditions, the I-V and I-P relationships of the 250 W fuel cell stack needed to be characterized at different operating pressures and temperatures. In Figure 10 , P /P are 1.5/1.5 atm and 3/2.5 atm, consecutively, at a fixed temperature of 338 K. It can be observed that increasing P /P causes an increase in the output voltage and power of the fuel cell stack. Afterwards, the influence of the changing temperature is displayed in Figure 11 , where T is 313 K and 353 K, consecutively (under a fixed P /P of 1/1 atm). It is obvious that augmentation of temperature results in increasing the output voltage and power of the fuel cell stack.
Finally, performance measures using parametric tests to testify the robustness of the ASO results were made. Table 6 The power of the 250 W PEM fuel cell stack is computed using (10) and utilized to characterize the I-P relationship in Figure 9b accompanying the experimentation data. Nearness between the experimental voltages and computed voltages causes nearness between corresponding powers.
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(a) I-V characteristics at different temperatures (b) I-P characteristics at different temperatures Figure 11 . Characteristics of the 250 W stack at different temperatures. 
Conclusions
ASO-based methodology has been introduced for estimating the PEM fuel cell model parameters to assure precise modeling and simulation. The finest values of obscure parameters are generated by the ASO, for two real commercial PEM fuel cell models. The computed results of two models are compared with measured results to illustrate ASO proper functioning. Good fittings between the measured and computed voltages were evidenced through various plots and insignificant values of SSE. Comparisons between the obtained results by the ASO and other recent challenging optimization method-based results indicate the viability and qualification of the proposed ASO-based methodology. Finally, performance measures were made which reprove the good performance and robustness of the ASO-realized results. Therefore, the authors can recommend ASO as a new optimization tool for other engineering complicated problems, which really still needs further verifications.
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